Data are available for download from the GEO database GSE52295.

Introduction {#sec001}
============

Myelodysplastic syndromes (MDS) constitute a heterogeneous group of clonal hematological disorders characterized by the presence of peripheral cytopenias and an increased risk of transformation into acute myeloblastic leukemia (AML)\[[@pone.0146722.ref001], [@pone.0146722.ref002]\]. The pathophysiology of these disorders is complex but their origin in a clonal hematopoietic stem cell disorder is fully accepted. Many genomic aberrations and abnormalities in the microRNAs expression profile in hematopoietic progenitor cells (HPC) are involved in the development of MDS, as a very important mechanism\[[@pone.0146722.ref003]\].

Finally, in the last few years, the importance of the bone marrow (BM) microenvironment has been highlighted\[[@pone.0146722.ref004]\].

Mesenchymal stromal cells (MSC) are a non-hematopoietic BM cell population considered to be the osteoblastic progenitors and a key component of the hematopoietic microenvironment. Our group\[[@pone.0146722.ref005]\] and others\[[@pone.0146722.ref006]--[@pone.0146722.ref008]\] have shown that MSC exhibit several morphological, functional and genetic alterations in MDS patients. In this regard, Raaijmakers et al.\[[@pone.0146722.ref009]\] have recently demonstrated in a murine model that the deletion of *DICER*, an RNase III enzyme involved in microRNA biogenesis, in MSC-derived osteoprogenitors not only affected their differentiation but also resulted in peripheral blood cytopenias, myelodysplasia and secondary leukemia, providing evidence that specific molecular alterations in the bone marrow microenvironment could result in clonally impaired hematopoiesis. We have also shown that MSC from MDS patients, compared with healthy subjects, have a lower level of expression of *DICER1* and *DROSHA*\[[@pone.0146722.ref010]\].

Intercellular communication can be achieved by direct cell-to-cell contact or the exchange of soluble factors. A new mechanism of intercellular communication based on the secretion of exosomes/microvesicles has been described. Such a mechanism modifies the functional properties of recipient cells by the transfer of bioactive molecules such as mRNA, proteins and microRNAs, among others\[[@pone.0146722.ref011]\]. The vesicles are a mixed population of exosomes and shedding vesicles and both components, despite originating from different cellular structures, participate in the communication between the microenvironment and the HPC. In this manuscript we will refer to them as microvesicles (MVs).

It has been suggested that MVs derived from human bone marrow MSC may act as mediators of cell-to-cell communication through microRNAs delivery\[[@pone.0146722.ref012]\]. These transferred microRNAs have a function in the hematopoietic system\[[@pone.0146722.ref013]\].

The hypothesis of our study is that MSC from MDS patients (MDS-MSC) can modify the properties of HPC through release of MVs with a different microRNAs content as compared to MSC from healthy donors (HD-MSC).

Methods {#sec002}
=======

Patients and control samples {#sec003}
----------------------------

Microvesicles were isolated from third-passage BM-MSC from 30 consecutive patients (median age 72 years; range 44--92 years) with \"de novo\" low-risk MDS at diagnosis. In order to have less variability in our sample patients only low risk cases were included. Studies were performed in each case according to the availability of material for a specific analysis. These data are shown in [S1 Table](#pone.0146722.s009){ref-type="supplementary-material"}.

The most important characteristics of MDS patients are described in [Table 1](#pone.0146722.t001){ref-type="table"}. They were classified according to the 2008 WHO classification criteria. Male to female ratio was 21:9 and median age was 72 years (range 44--92). MVs from MSC obtained from BM samples of 27 healthy volunteer donors (16 males and 11 females) with a median age of 40 years (range 21--65 years) were used as controls. In all cases written informed consent was previously obtained according to institutional guidelines in accordance with the local Ethics Committee of the \"Area de Salud de Salamanca\". All experimental procedures were also approved by Ethics Committee, Hospital Universitario de Salamanca (2008/04/14).

10.1371/journal.pone.0146722.t001

###### MDS patient characteristics.

![](pone.0146722.t001){#pone.0146722.t001g}

  Patient number   WHO 2008 classification   Conventional Cytogenetics analysis or FISH[\*](#t001fn001){ref-type="table-fn"}
  ---------------- ------------------------- ---------------------------------------------------------------------------------
  1                RCMD                      46,XY\[21\]
  2                RCMD                      46,XY\[22\]
  3                MDS del(5q)               78% 5q-[\*](#t001fn001){ref-type="table-fn"}
  4                MDS del(5q)               75% 5q-[\*](#t001fn001){ref-type="table-fn"}
  5                MDS del(5q)               46,XX,del(5)(q13q31)\[14\]/46,XX\[6\]
  6                RARS                      46,XY\[20\]
  7                MDS del(5q)               46,XY,del(5)(q13q31)\[17\]/46,XY\[3\]
  8                RCMD                      46,XX\[23\]
  9                RCUD                      46,XY\[23\]
  10               RCMD                      46,XY\[23\]
  11               RCMD                      46,XX\[20\]
  12               RCMD-RS                   46,XY\[23\]
  13               RCUD                      No Mitosis
  14               RCMD                      46,XY\[20\]
  15               RCMD                      46,XY\[20\]
  16               RCMD                      46,XY\[20\]
  17               RCMD                      46,XY\[20\]
  18               RCMD                      46,XX\[23\]
  19               AREB-1                    46,XY\[20\]
  20               RCMD                      46,XY\[25\]
  21               RCMD                      46,XX,t(6;11)(q22;q13)\[25\]
  22               RCMD                      46,XX\[24\]
  23               RA                        47,XY,+8\[4\]/46,XY\[6\]
  24               RCUD                      46,XX\[24\]
  25               RCMD                      46,XY\[20\]
  26               MDS del (5q)              71% 5q-[\*](#t001fn001){ref-type="table-fn"}
  27               RCMD                      46,XY,del(20)(q12)\[20\]
  28               RCMD-RS                   No Mitosis
  29               RCMD                      46,XY\[25\]
  30               RCMD                      46,XY\[22\]

\* For FISH analysis a minimum of 200 nuclei were analyzed. FISH: Fluorescent In Situ Hybridization; RCMD: refractory cytopenia with multilineage-dysplasia; MDS del(5q): Myelodysplastic syndrome with isolated 5q deletion; RA: refractory anemia; RARS: refractory anemia with ringed sideroblasts; RCUD: refractory cytopenia with unilineage dysplasia; RCMD-RS: RCDM with ringed sideroblasts; RAEB-1: Refractory anemia with excess of blasts

Isolation and characterization of MSC {#sec004}
-------------------------------------

BM mononuclear cells (MNC) were isolated by Ficoll-Paque density-gradient centrifugation (Ficoll-Paque, density:1.077k, GE Healthcare BioSciences, Buckinghamshire, UK). BM-MNC were counted and plated at a density of 1x10^6^ cells/cm^2^ and expansion was carried out according to the previously described method\[[@pone.0146722.ref005]\]. After the third passage, MSC were assessed in accordance with the minimal definition criteria proposed by the International Society for Cellular Therapy (ISCT)\[[@pone.0146722.ref014]\], which includes the capacity to differentiate into osteoblasts, adipocytes and chondrocytes, and standard immunophenotypic analytical procedures, as previously reported\[[@pone.0146722.ref005]\]. Viability studies were done by flow cytometry using APC H7 Annexin V DY634 (Immunostep \#ANXVDY, Salamanca, Spain).

CD34^+^ cells isolation {#sec005}
-----------------------

Mobilized CD34^+^ progenitor cells were isolated from leukapheresis samples from 16 HD (with a male/female ratio of 10/6, median age 50 years; range 20--69 years), for allogeneic HPC transplantation, as previously described\[[@pone.0146722.ref015]\]. CD34^+^ progenitor cells were sorted by magnetic labeling using the human CD34 MicroBead Kit according to the manufacturer's recommendations (Miltenyi Biotec GmbH, BergischGladbach, Germany). After isolation, the purity and viability of CD34^+^ cells was evaluated by flow cytometry using fluorescein isothiocyanate (FITC)-conjugated CD34 (11-0349-42, eBioscience Inc. San Diego, CA, USA) and APC H7 Annexin V DY634.

MVs isolation and characterization {#sec006}
----------------------------------

For MVs production, MSC from both groups (MDS and controls) at third passage were cultured in DMEM deprived of FCS. The supernatants were collected initially after 6 hours of FCS starvation (n = 3) and in the remaining cases (n = 59) after 24 hours of starvation, since the quantity of MVs obtained was higher in the latter situation.

In 22 samples, MVs were obtained using the ExoQuick-TC^TM^ methods. In 40 experiments MVs were also obtained by ultracentrifugation assay. The rationale for using both methods was initially to compare them in all the experiments performed in the study. Nevertheless, we did not find any differences between both well-established methods.

Briefly, the supernatants were initially centrifuged at 2,000 g for 20 min followed by a second centrifugation at 10,000 g for 30 min to remove debris and apoptotic bodies. Supernatants were then ultracentrifuged at 100,000 g for 70 min at 4°C in a fixed-angle rotor\[[@pone.0146722.ref016]\]. After that, the protein content of MVs was quantified by the Bradford method (BioRad, Hercules, CA). The size distribution of MVs from MSC was analyzed using a NanoSight LM10 instrument (NanoSight Ltd., Amesbury, UK) equipped with the nanoparticle tracking analyses (NTA) 2.0 analytic software.

### Transmission electron microscopy {#sec007}

The MVs containing pellet obtained by ultracentrifugation were resuspended in 50μL of 2% paraformaldehyde, loaded on to Formvar/carbon-coated EM grids, and post-fixed in 1% glutaraldehyde. The samples were contrasted with uranyloxalate solution and examined under a transmission electron microscope (FEITecnai G2 Spirit Biotwin) using a digital camera (Morada, Soft Imaging System, Olympus).

### Flow cytometry {#sec008}

To characterize MVs the following panel of monoclonal antibodies (MoAbs) was used: mouse anti-human CD90 FITC (Cat.555595), mouse anti-human CD73 PE (phycoerythrin) (Cat.550257), mouse anti-human CD63 PE (Cat.557305), mouse anti-human CD34 PerCP-Cy5.5 (phycoerythrin-cyanine 5.5) (Cat.347222), mouse anti-human CD81 APCH7 (APC-cyanine tandem dye) (Cat.656647), mouse anti-human CD45 V500 (BD Horizon V500) (Cat.560779) purchased from BD Biosciences (San Jose, CA, USA). Anti-human CD44 APC (Cat.44A2-100T) and anti-human CD105 APC (FAB10971A) were purchased from Immunostep (Salamanca, Spain) and R&D Systems (Minneapolis, MN, USA), respectively.

Before MVs acquisition we always acquired double-filtered PBS that contained the megamix of standard beads based on 1 μm monodisperse polystyrene (Sigma-Aldrich) and Perfect-Count Microspheres (Cytognos;6.0--6.4 μm) \[[@pone.0146722.ref017]\]. This procedure allowed us to define the threshold level and also to use as an instrument quality control for background noise. The beads of different sizes were used as size markers, and analysis was performed using a log scale for forward (FSC) and side scatter (SSC) parameters. MVs acquisition from the different samples was only processed when the number of events acquired was between 25--50 events per second at low speed, with a threshold between 300--400. For flow cytometer calibration Rainbow Calibration Kit and Rainbow QC Kit (Spherotech, Inc.) were used. These particles are known as compensation beads (CompBeads), which were also used to determine the electronic noise or background. Ranges were verified using CompBeads labeled with specific fluorochromes. Samples were acquired after the cytometer was calibrated. MVs recovered from ultracentrifugation were resuspended in double-filtered PBS and stained by direct immunofluorescence using the aforementioned MoAb panel. A total of 200,000 events were acquired in a three-laser FACS Canto II (BD Biosciences) using FACS Diva 6.1.1 Software (BD Biosciences). Data were analyzed using Infinicyt software (Cytognos)([S1 Fig](#pone.0146722.s001){ref-type="supplementary-material"}).

### Western blot analysis {#sec009}

MVs were lysed at 4°C for 30 min in 1X RIPA lysis buffer (1X TBS, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 0.004% sodium azide) plus PMSF, protease inhibitor cocktail and sodium orthovanadate. Samples were loaded onto a 12% SDS-PAGE gradient under reducing conditions and electroblotted onto nitrocellulose membrane filters as previously described\[[@pone.0146722.ref010]\]. The blots were blocked with 5% non-fat milk in 20 mM Tris-HCl pH 7.5, 500 mM NaCl plus 0.1% Tween (TBS-T). MVs membranes were subsequently immunoblotted at 4°C with the appropriate primary antibody rabbit anti-human CD63 (1:1000 from System Biosciences (Catalog\# EXOAB-CD63A-1)) overnight. Membranes were incubated with anti-rabbit IgG horseradish peroxidase-conjugated secondary antibody for 1hour at room temperature (Amersham Biosciences). Specific bands were visualized using ECL Western Blotting Detection Reagents (Amersham Biosciences, Mountain View, CA).

MicroRNA from MVs expression analysis {#sec010}
-------------------------------------

MVs obtained from ultracentrifugation were resuspended in 500 μl Trizol (Roche Diagnostics GmbH, Mannheim, Germany) and total RNA with conservation of small RNAs was isolated using a Qiagen miRNeasy Kit. To study the microRNAs content of MSC-MVs of patients and controls the differential expression of microRNAs was analyzed as previously described\[[@pone.0146722.ref010], [@pone.0146722.ref018], [@pone.0146722.ref019]\]. Total RNA (\<350 ng) from MSC-derived MVs of 8 low-risk MDS and 4 HD was retrotranscribed with a Megaplex™ RT Primer pool (Applied Biosystems 4399966, Foster City, CA, USA). Diluted RT reaction product is mixed with TaqMan Universal PCR Mastermix (no AmpErase UNG, 4364341) and loaded into the corresponding TaqMan low-density arrays fill ports (Applied Biosystems, part number: 4384792). This panel contains 384 PCR assays enabling accurate quantification of 378 human microRNAs and three endogenous controls (RNU44, RNU48 and 4 replicates of RNU6B) to aid in data normalization. Real-time PCR was carried out using an Applied Biosystems 7900 HT Fast Real-time PCR sequence detection system. The reactions were incubated at 94.5°C for 10 min, followed by 50 cycles of 97°C for 30s and 59.7°C for 1 min.

MicroRNAs expression data were processed within the R statistical computing environment (version 2.13.0), using ΔΔCt standard procedures from the 'HTqPCR' package\[[@pone.0146722.ref018]\]. Each microRNA raw Ct value was tagged as undetermined when fell between levels of 36 and 40. Raw Ct values were normalized using the array endogenous control features according to the equation: ΔCt~microRNA~ = Ct~microRNA~---mean (Ct ~RNU6B,\ RNU48~). An analysis of the behavior and reliability of these controls, and an alternative ΔCt normalization protocol, was also performed in order to check for potential biases introduced by these endogenous controls (added as [S1 Methods](#pone.0146722.s008){ref-type="supplementary-material"}). Differences between groups were calculated based on the ΔΔCt measure, where ΔΔCt~microRNA~ = mean(ΔCt~MDS~)---mean(ΔCt~HealthyDonors~). Statistical significance was assessed using unpaired samples t-tests. Fold changes as relative quantifications of expression (i.e. FC = 2^-ΔΔCt^) for each microRNA were reported. Also each microRNA log10(FC) was added for an intuitive interpretation of change direction. Medians of raw Ct values per condition over the threshold 36 were considered qPCR undetermined measures. The GEO entry for each sample includes this information, as in the sample HD-10306, GSM1262596: <http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=exoruikeprgnhct&acc=GSM1262596>. Experimentally known target genes of our microRNAs were collected from TarBase 6.0\[[@pone.0146722.ref019]\]. Enrichment of microRNA targets into pathways was evaluated using the *DIANA-miR Path* web tool available at <http://diana.imis.athena-innovation.gr/DianaTools/index.php>.

Incorporation of MVs into CD34^+^ cells {#sec011}
---------------------------------------

To demonstrate the incorporation of MVs obtained from MSC into human hematopoietic progenitors, CD34^+^ cells obtained by immunomagnetic selection were co-cultured with MVs from MSCs. MVs were labeled with 1μM Vybrant Dil cell-labeling solution (Molecular Probes, life Technology, NY, USA. N° Cat: V22885) during ultracentrifugation at 100,000 g for 70 min at 4°C. After labeling MVs were washed twice under the same conditions in 1X PBS\[[@pone.0146722.ref020], [@pone.0146722.ref021]\] to remove dye excess. MVs were collected, co-cultured with HPC and evaluated at 1, 3, 6, and 24 hours by FC, with the highest rate of incorporation occurring at 24 hours ([S2 Fig](#pone.0146722.s002){ref-type="supplementary-material"}). Thus, 1X10^5^ CD34^+^ cells were co-cultured for 24 hours with the MSC-derived MVs (30 μg of protein) in a volume of 500μl RPMI per well in all the subsequent experiments to encourage the incorporation (see below).

### Immunofluorescence {#sec012}

CD34^+^ cells co-cultured with and without MVs were fixed with Carnoy, and nonspecific binding was blocked with 5% of normal donkey serum and bovine serum albumin. To detect MVs incorporated into CD34^+^ cells, a primary antibody rabbit α-CD90 (SC-9163, Santa Cruz Biotechnology, Heidelberg, Germany) was used to identify MSC-derived MVs. Another approach was taken to confirm the incorporation. Thus, MVs from MSC were labeled with Vybrant-Dil cell-labeling solution\[[@pone.0146722.ref020], [@pone.0146722.ref021]\]. As a control experiment, we included an ultracentrifugation tube with only PBS and Vybrant Dil that was processed in the same conditions as the microvesicles and co-cultured with HPC for 24 hours.

Incorporation was evaluated by immunofluorescence, CD34^+^ cells were stained with mouse α-CD45 primary antibody (304002, Biolegend, San Diego, CA). Slides were then incubated for 45min with donkey anti-mouse Alexa Fluor488 and donkey anti-rabbit Alexa Fluor555 (both from Invitrogen, Paisley, UK) and cellular nuclei were stained with DAPI. Slides were mounted using Vectashield H-1000 medium (Vector Laboratories, Inc. Burlingame, CA). For confocal image analysis cells were viewed with a TCS SP5 Confocal Laser Scanning Microscope (Leica Microsystems GMbH, Wetzlar, Germany) with the LAS AF acquisition program (version 2.6.0.7266). In some samples images were acquired with different cell layers (Z-Stacks) of 1μm.

### MicroRNA expression analysis {#sec013}

To determine whether MSC-derived MVs cargo modifies the microRNAs expression of CD34^+^ cells, miR-10a and miR-15a were analyzed by RT-PCR. Total RNA was extracted from CD34^+^ cells that had been co-cultured with and without MVs (7 MDS and 5 controls) using Trizol reagent (Roche Diagnostics GmbH, Mannheim, Germany) according to the manufacturer's instructions. We performed individual quantitative PCR for the following microRNAs: Hsa-mir-10a (TM:000387), Hsa-mir-15a (TM:000389) and RNU43 (TM:001095, Applied Biosystems), the latter was used as control. cDNA was prepared to be retrotranscribed with a TaqMan^®^ MicroRNA Reverse Transcription Kit (Applied Biosystems) and the expression was quantified using commercial TaqMan^®^ MicroRNA Expression Assays and the Step One Plus Real-Time PCR System (Applied Biosystems). All samples were performed in duplicate. Relative quantification was calculated from the 2^−ΔCt^ values with the equation: ΔCt = Ct~microRNA~ - Ct~RNU43~. Results were expressed as the ratio between CD34^+^ cells with MVs from MDS or HD and the same CD34^+^ cells without MVs. To evaluate which metabolic pathways are regulated by these two microRNAs DianaLab miR Path web was used.

### Gene expression analysis {#sec014}

Total RNA was extracted from CD34^+^ cells that had been co-cultured with and without MVs (9 MDS and 6 controls) using Trizol. cDNA was prepared by reverse transcription using the High Capacity kit (Applied Biosystems). Gene expression of *TP53* (Hs01034249-m1), *MDM2* (Hs01066930-m1), and *GADPH* (Hs99999905-m1) as a control gene, was quantified using commercial TaqMan^®^Gene Expression Assays and the Step One Plus Real-Time PCR System (Applied Biosystems). Relative quantification was calculated from the 2^−ΔCt^ values by the equation: ΔCt = Ct~Gene~-Ct~*GADPH*~.

### Capillary Electrophoresis Immunoassay {#sec015}

Whole cell lysates were obtained from CD34^+^ cells with or without MVs from MDS or healthy donors. Capillary Electrophoresis Immunoassay or Simple Western analyses were performed using the WES™ machine (ProteinSimple Santa Clara, CA) according to the manufacturer's protocol\[[@pone.0146722.ref022], [@pone.0146722.ref023]\]. In brief, 1.2ng of samples were mixed with a master mix (ProteinSimple) to a final concentration of 1x sample buffer, 1x fluorescent molecular weight markers, and 40mM dithiothreitol (DTT) and then heated at 95°C for 5 min. The samples, blocking reagent, wash buffer, primary antibodies, secondary antibodies, and chemiluminescent substrate were dispensed into designated wells in the manufacturer provided microplate. After plate loading, the separation electrophoresis and immunodetection steps took place in the capillary system and were fully automated. Simple Western analysis was carried out at room temperature, and instrument default settings were used. The data was analyzed with inbuilt Compass software (Proteinsimple), performed normalization of the peak area of protein to peak area of Actin protein in the same sample. For the assay of CD34^+^ cells with or without MVs we used primary antibodies MDM2 (rabbit, polyclonal, thermo scientific \#PA5-27209 1:1000) and ACTIN (Mouse, monoclonal, Sigma Aldrich A3854, 1:1000).

### Cells viability assays {#sec016}

The viability rate was evaluated by FC, after 24hours of co-culture of CD34^+^ cells with MSC-derived MVs (from 10 MDS patients and 10 controls), using APC H7 Annexin V DY634 (Immunostep \#ANXVDY, Salamanca, Spain). After 24hours with and without MVs co-cultured cells were harvested, washed and incubated in the Annexin V binding buffer. Annexin V, 7 AAD (\# 51-68981E, BD Biosciences) and FITC-conjugated CD34 (11-0349-42, eBioscience, Inc.San Diego, CA) were added, followed by flow cytometric evaluation. Samples were analyzed on a FACSCalibur flow cytometer using Cellquest Pro software (Becton Dickinson). At least 50,000 events/sample were recorded. Data were analyzed using the Infinicyt program (Cytognos). Viable cells were considered if they were not early or late apoptotic cells (APC H7 Annexin V^+^/7AAD^-^ and APC H7 Annexin V^+^/7AAD^+^, respectively).

### Clonogenic assays {#sec017}

In this experiment 1x10^5^ CD34^+^ cells were co-cultured in a volume of 500μl RPMI per well with or without MVs from 6 HD and 6 patients. After 24hours, 5x10^3^ cells were seeded into methylcellulose MACS Media with Stem cell Factor, GM-CSF, G-CSF, IL-3 and IL-6 (Miltenyi Biotec GmbH, Germany) to quantify the progenitor cell CFU-GM, as previously described\[[@pone.0146722.ref015]\].

These cultures were incubated in a humidified atmosphere at 37°C with 5% CO~2~. After 14 days, CFU-GM colonies were scored with an inverted microscope. Results were expressed as the ratio between CFU-GM obtained with CD34^+^ cells that had been co-cultured with MVs from MDS or HD and the same CD34^+^ cells without MVs.

Statistical analysis {#sec018}
--------------------

Values were summarized as median and range or mean and standard deviation. The Mann-Whitney U-test and Kendall's test of related samples were used to compare the differences between results. Differences were considered to be significant for values of p\<0.05. All statistical analyses were done with SPSS 20.0 (Chicago, IL, USA).

Results {#sec019}
=======

MSC, CD34^+^ cells and MVs isolation and characterization {#sec020}
---------------------------------------------------------

In all the assays, MSC displayed spindle-shaped morphology and fulfilled the minimal criteria for MSC definition required by the ISCT ([S3 Fig](#pone.0146722.s003){ref-type="supplementary-material"}). The viability of MSC-BM at the time of MVs collection ranged from 86% to 94%.

The purity of immunomagnetically selected CD34^+^ cells was over 90% in all cases ([Fig 1A](#pone.0146722.g001){ref-type="fig"}) and the mean of the viability of these cells was 90.6%.

![Characterization of CD34^+^ cells from leukapheresis of HD.\
**(A)** Percentage of CD34^+^ cells isolated by immunomagnetic beads and the purity determined by flow cytometry. **(B)** Flow cytometry characterization of MVs released from MSCs of MDS and HD. The upper images are dot-plots of forward and side scatter of MVs. The gate was defined as elements of smaller size than the 1μm beads. The histograms represent the MVs stained with negative (CD34 and CD45) and positive markers for MVs from HD and MDS-MSC (CD90, CD44, CD73) and for MVs markers (CD81 and CD63). Controls (unstained MVs) are shown in gray; the MVs stained with the different antibodies are shown in black. Images on the left are those of the MVs from MSC-HD, while those on the right images are of the MVs from MSC-MDS. **(C)** Representative images of transmission electronic microscopy of MVs released by MSC from HD(left) and MDS (right) as revealed by TEM. Scale bar, 200nm. Original magnification: x 8000. **(D)** MVs characterization by Western Blot assay for the expression of CD63. HD-MVs: microvesicles from healthy donors. MDS-MVs: microvesicles from patients with myelodysplastic syndrome.](pone.0146722.g001){#pone.0146722.g001}

Mean size using Nanosight technology was 141.1 for MDS-MVs and 218nm for HD-MVs ([S4 Fig](#pone.0146722.s004){ref-type="supplementary-material"}). The identification of MVs was similar when Exoquick or ultracentrifugation were performed with the same immunophenotypic profile for MVs isolation and identification. Immunophenotypic analysis by FC showed that all MSC-derived MVs from HD and MDS patients displayed a compared pattern. As it is observed in [Fig 1B](#pone.0146722.g001){ref-type="fig"} the logarithmic scale shows that all MVs presented forward scatter intensities less than 1μm beads. They were positively labeled by MSC specific MoAbs (CD90, CD73 and CD44), as well as negative for CD34 and CD45 ([Fig 1B](#pone.0146722.g001){ref-type="fig"}). The MVs were positive for exosome markers (CD63 and CD81). MVs without antibody-staining were used to help in establishing the gates to identify the MVs. In order to show that aggregates were not present, [S1 Fig](#pone.0146722.s001){ref-type="supplementary-material"} shows PBS doubled-filtered staining with the different antibodies, where no positivity was detected in the different channels. In addition, in 6 cases (4 MDS and 2 HD) the presence of MVs in the MSC-derived supernatants was confirmed by transmission electronic microscopy (TEM), whereby these structures were observed to have sizes of around 200nm ([Fig 1C](#pone.0146722.g001){ref-type="fig"}). In all cases, Western blot analysis revealed the presence of CD63 in MVs from both patients and controls ([Fig 1D](#pone.0146722.g001){ref-type="fig"}).

MicroRNAs expression is different in MVs from MDS and HD {#sec021}
--------------------------------------------------------

To assess whether the microRNA content was different in patients and controls differential expression was analyzed in MSC-MVs from 8 MDS patients and 4 HD on a qPCR *TaqMan* array platform. Statistically significant differences were found in 21 out of 378 tested microRNAs ([S5 Fig](#pone.0146722.s005){ref-type="supplementary-material"}). Among the 21 significantly expressed microRNAs, 5 of them presented median values within the range of detectable raw Ct levels. Changes in expression based on Delta Ct values of these 5 microRNAs are presented in [Fig 2](#pone.0146722.g002){ref-type="fig"}.

![Delta Ct values of 5 microRNAs differentially expressed in MSC-derived MVs between MDS patients and healthy donors (HD).\
Bars represent median values of Delta Ct per sample category. Mean and confidence interval per sample category are also drawn. Analysis performed over qPCR microRNA arrays. Asterisks denote differential expression p-values: (\*\*) \<0.01, (\*) \<0.05.](pone.0146722.g002){#pone.0146722.g002}

In order to ascertain that really some microRNAs were differentially expressed a new normalization using miR-16 as control was performed and 14 microRNAs were overexpressed ([S2 Table](#pone.0146722.s010){ref-type="supplementary-material"}).

In order to confirm the different expression pattern and as miR-10a and miR-15a were selected because they could be involved in MDS, RT-PCR of both microRNAs was performed. It was verified that microRNA10a expression was significantly higher in MDS-MVs compared to MVs from healthy donor(p≤0.05). MicroRNA 15a overexpression in patients was not statistically significant (although a tendency was observed), may be due to the high variability within the MDS samples ([S6 Fig](#pone.0146722.s006){ref-type="supplementary-material"})

MVs from MSC incorporate into CD34^+^ cells {#sec022}
-------------------------------------------

### Immunofluorescence {#sec023}

Once that we have confirmed that some microRNAs were differentially expressed in MVs from patients and controls, we wanted explore whether MVs could be incorporated into hematopoietic progenitors. For this purpose, immunofluorescence was used to evaluate MVs incorporation into CD34^+^ cells obtained from leukapheresis. As shown in [Fig 3A](#pone.0146722.g003){ref-type="fig"}, MVs labeled with anti-CD90, an MSC-surface marker (in red), were incorporated into CD34^+^ cells labeled with anti-CD45, a hematopoietic cell marker (in green). When CD34^+^ cells were incubated without MVs, only CD45 expression was observed, while CD90 positivity was absent ([Fig 3A](#pone.0146722.g003){ref-type="fig"}).

![Incorporation of MVs from MSC-MDS and MSC-HD into CD34^+^ cells.\
**(A)** Representative images of MVs incorporation by CD34^+^ cells stained with anti-CD90 Ab (red) and anti-CD45 Ab (green). **(B)** Representative images of MVs previously labeled with Vybrant-Dil cell-labeling solution (red) that were incorporated into CD34^+^ cells and stained with anti-CD45 Ab (green). **(A-B)** Images in the top row are from CD34^+^ cells that incorporated the MVs released from MSC-HD. Images on the middle row show the incorporation of MVs released from MSC-MDS. In the lower row, images of the CD34^+^ cells (without incorporation) are shown. Nuclei were counterstained with DAPI (blue). Scale bar, 7.5μm. Revealed by confocal microscopy and acquired in layers (z-Stacks) of 1μm.](pone.0146722.g003){#pone.0146722.g003}

To confirm these results, experiments using Vybrant-Dil labeled MVs (in red) and CD34^+^ cells with anti-CD45 in green were performed. As it is shown in the [Fig 3B](#pone.0146722.g003){ref-type="fig"}, Vybrant-Dil labeled MVs from MSC were incorporated into CD34^+^ cells. The presence of MVs inside the cell was confirmed by capturing several consecutive Z-plane (1μm) pictures.

Incorporation of MVs into CD34^+^ cells modifies their gene expression {#sec024}
----------------------------------------------------------------------

It has been previously published that miR10-a and miR15-a are overexpressed in hematopoietic cells from MDS patients\[[@pone.0146722.ref024]\]. In [Fig 2](#pone.0146722.g002){ref-type="fig"} we can observe that these two microRNAs are among the most expressed in MVs from our patients and they were selected to assess if their expression was modified in CD34^+^ cells.

The expression of both selected microRNAs--miR-10a and miR-15a- in CD34^+^ cells was analyzed in all cases after incubation with MSC-MVs from MDS patients compared to CD34^+^ cells co-cultured with MVs from normal MSC ([Fig 4A](#pone.0146722.g004){ref-type="fig"}). As it is shown in [Fig 4A](#pone.0146722.g004){ref-type="fig"} the expression in CD34^+^ cells with MDS-MVs are higher than after the incorporation of HD-MVs.

![Modification of HPC properties.\
**(A)** Variations in microRNAs expression when CD34^+^ cells were co-cultured with MDS-MVs or HD-MVs. Ratio was calculated dividing the expression of each microRNA from CD34^+^ + HD-MVs or CD34^+^ + MDS-MVs by that of CD34^+^ cells without MVs. Results were summarized as the median. **(B)** Expression by RT-PCR of *TP53* and *MDM2* in CD34^+^ cells cultured with MDS-MVs from patients (grey) and expression of CD34^+^ cells without MVs (black). Results were summarized as the mean and standard deviation. **(C)** Capillary Electrophoresis Immunoassay of MDM2 vs Actin as control. CD34^+^ cells (without MVs), CD34^+^ cells with MDS-MVs and with HD-MVs. Each bar of the lower graph represents the value of quantified MDM2 protein expression normalized to actin protein abundance. Each bar represents the quantification of both bands of MDM2 from the pseudo-blots, control CD34^+^ cells vs CD34^+^ cells + MDS-MVs or HD-MVs.](pone.0146722.g004){#pone.0146722.g004}

To analyze which metabolic pathways were regulated by miR-10a and miR-15a, a search in DIANA LAB -Mirpath website (<http://diana.imis.athena-innovation.gr/DianaTools/index.php>.) was performed. Wnt signaling, cell cycle, MAPK signaling and apoptosis are regulated by these microRNAs. Because it is well known the important role that apoptosis plays into the MDS pathophysiology, this pathway was selected for the subsequent assays.

In order to see whether MSC-derived MVs cargo modifies the expression of some genes in CD34^+^ cells after their incorporation, genes related with apoptosis were selected. For this purpose, *MDM2* and *TP53* were analyzed by RT-PCR ([Fig 4B](#pone.0146722.g004){ref-type="fig"}).

The expression of *MDM2* was lower in CD34^+^ cells after incubation with MVs from MDS patients in all experiments, whereas *TP53* expression was higher in this cells when compared with CD34^+^ cells co-cultured with HD-MVs. In order to confirm these features at the protein level the Capillary Electrophoresis Immunoassay was performed. The results are presented as pseudo-blots ([Fig 4C](#pone.0146722.g004){ref-type="fig"}) with two bands of MDM2 visible; the upper band corresponds to the full length protein and the lower band corresponds to the cleaved product of MDM2 protein \[[@pone.0146722.ref025]\]. A significant decrease of MDM2 protein expression in CD34^+^ cells with MVs from MDS was observed (p\<0.01) whereas the MDM2 expression was not statistically affected in CD34^+^ cells with HD-MVs ([S7 Fig](#pone.0146722.s007){ref-type="supplementary-material"}).

Since the content of bioactive molecules was modified into CD34^+^ cells after MVs co-culture, the following step was to study if this incorporation could modify CD34^+^ cells behavior. For this purpose, cell viability and clonogenic potential were studied.

MVs content also modifies CD34^+^ cells viability as well as CFU-GM production {#sec025}
------------------------------------------------------------------------------

To assess if the MVs content incorporation could modify HPC behavior, we analyzed cell viability and clonogenic capacity.

For the first purpose, study of viability/apoptosis in CD34^+^ cells with and without incubation with normal or MDS-MVs was performed (n = 10). Compared to the viability of CD34^+^ cells without MVs, incubation with MVs induced an increase in CD34^+^ cells viability in both groups (median increase: 7.9% \[range 0.89--19.6\] in HD-MVs *vs*.10.2% \[range 4.42--24.68\] with MDS-MVs). This increase in viability was only statistically significant when cells were incubated with MDS-MVs (p\<0.025).

Regarding CFU-GM production ([Fig 5](#pone.0146722.g005){ref-type="fig"}) we observed that the clonogenic capacity of CD34^+^ cells was significantly higher than controls (p = 0.037) when cells had incorporated MDS-MVs ([S3 Table](#pone.0146722.s011){ref-type="supplementary-material"}). There were no differences in the shape or size of granulo-monocytic colonies between the different experimental groups.

![MVs content incorporation results in CD34^+^ cells behavior modification.\
**(A): Representative FACS plots of annexinV/7AAD staining on CD34**^**+**^ **cells with and without MVs.** Percentage of each subset (dead, live, early and late apoptosis) within the total number of CD34^+^ cells. **(B) Percentage of live CD34**^**+**^ **cells.** An increase on the percentage of CD34^+^ viable cells (annexinV^-^/7AAD^-^) was observed when cells were cultured with MDS-MVs compared with the other groups is shown. **(C) Clonogenic assays.** Results are expressed as the ratio between CFU-GM obtained with CD34^+^ cells that had been cultured with MVs and CD34^+^ cells without MVs.](pone.0146722.g005){#pone.0146722.g005}

We have not observed any immunophenotypic difference by FACS in CD34^+^ cells versus co-cultured with MDS-MVs or MDS-MVs for any of the markers studied.

Discussion {#sec026}
==========

The hematopoietic microenvironment is involved in the physiology of the hematopoietic system, but in patients with MDS this microenvironment contributes to the deregulation of hematopoiesis\[[@pone.0146722.ref004]\]. The mechanisms by which MSC modify HPC from MDS patients are not fully understood. Extracellular vesicles carry cell constituents of the cells of origin, that can be transferred to target cells\[[@pone.0146722.ref012], [@pone.0146722.ref026]--[@pone.0146722.ref028]\]. For example, mRNAs and microRNAs can be transferred to neighboring or distant cells via fusion of the exosome to the target cell membrane\[[@pone.0146722.ref029]\]. MVs have therefore been described as a novel mechanism of cell-to-cell communication.

Other researchers have demonstrated that BM-MSC can release MVs which are transferred to other cells, thereby modifying them\[[@pone.0146722.ref030]\]. It has recently been reported that MVs from BM-MSC may be involved in multiple myeloma progression and drug resistance\[[@pone.0146722.ref031], [@pone.0146722.ref032]\].

In the present work we hypothesized that microvesicles produced by BM-MSC from MDS patients are involved in the relationship between the BM microenvironment and hematopoietic cells, thereby contributing to the intercellular communication.

In order to avoid the great variability that is characteristic of MDS patients, only low-risk patients were included.

First, we tried to obtain and characterize MVs from MSC from MDS patients and HDs which were expanded and stressed by serum deprivation to provide sufficient MVs to perform the various studies. Then they were obtained from culture supernatants by two approaches: Exoquick-TC™, a commercial assay, and ultracentrifugation. The identification of MVs after obtaining them by these two approaches showed similar results. In order to reduce background, the majority of experiments were performed by ultracentrifugation, but, when a high quantity of mRNA was needed, Exoquick assay was used.

MVs were characterized by FC. In order to differentiate true MVs events from background noise we defined MVs as particles that were less than 1μm and were also positive for MSC-specific immunophenotypic markers. More details of MVs identification by flow cytometry are provided in other paper that has been recently submitted\[[@pone.0146722.ref033]\].

We included in the panel of MoAbs one marker that is always expressed by exosomes, such as CD63 or CD81\[[@pone.0146722.ref017]\]. Since MVs express some surface antigens on the membrane of their cell of origin, the other selected antibodies were against typical MSC-positive surface markers. CD45 and CD34 were included as negative markers. This panel enabled the identification of these structures in all cases and when they were obtained by ultracentrifugation and Exoquick-TC™.

TEM confirmed that these structures were MVs. [Fig 1B](#pone.0146722.g001){ref-type="fig"} shows that these structures were present in all tested cases and had similar features to those noted by other groups\[[@pone.0146722.ref012], [@pone.0146722.ref034]\].

It would be interesting to analyze if different MDS subtypes show differences in their MVs. However, due to the great variability in these diseases, a very high number of patients should be included and this approach exceeds the aim of the present work.

The confocal microscopy assay suggests that HD-MVs and MDS-MVs are both able to become incorporated into CD34^+^ cells. The Z-Stack imaging results also support this notion.

As previously stated, MSC-derived MVs can incorporate into neighbor cells and modify their behavior by transferring microRNAs, mRNA and proteins. MicroRNAs are small non-coding RNAs involved in the regulation of gene expression and have a crucial role in the regulation of hematopoiesis\[[@pone.0146722.ref035]\]. MicroRNAs can play a role in the development of some malignant hematopoietic disorders such as MDS\[[@pone.0146722.ref024]\]. Evidence that microRNAs deregulation in the microenvironment is involved in MDS pathogenesis comes from the seminal study of Raaijmaikers et al\[[@pone.0146722.ref009]\], who demonstrated that, when *DICER-1* was deleted in murine osteoprogenitors, these animals developed an MDS similar to the human disease. Subsequently, we reported that the level of expression of *DICER-1* was lower in MSC from MDS patients, altering the microRNA content in MSCs from MDS patients compared with MSC from HD\[[@pone.0146722.ref010]\]. Because CD34^+^ cells is a heterogeneous cell population. The analysis of the effect of MSC-MVs into different cell subsets could be interesting. However, the low number of CD34^+^ cells into the BM makes very difficult to sort all the CD34^+^ cells subtypes and is out of the scope of this study. New approaches in order to respond to these questions are warranted.

It has also been clearly demonstrated that microRNAs are involved in the pathogenesis of MDS\[[@pone.0146722.ref024], [@pone.0146722.ref036]\]. In this context, it could be hypothesized that the microRNAs cargo in MVs may differ between MDS-MSC and HD-MSC, and could be transferred into hematopoietic progenitors. To test this hypothesis, microRNA-expression arrays were performed in MSC-derived MVs from MDS patients and HD. A significantly different content was observed, with 21 microRNAs in MVs from patients more strongly expressed. In order to confirm the different expression pattern of microRNAs in MVs from patients and donors different normalization methods have been used. The increased expression of microRNAs is a rather unexpected feature since MSC from MDS patients have an overall lower level of microRNAs expression compared with those from HD, as we have previously demonstrated\[[@pone.0146722.ref010]\], implying that the microRNAs cargo in MVs does not arise as a random event but from a selective mechanism that probably exists for intercellular communication. This selective process has been previously shown for these structures\[[@pone.0146722.ref012]\]. MicroR-10a and miR-15a are two of the most overexpressed microRNAs in the MSC-derived MVs from MDS patients. So, we wanted to establish whether the incorporation of MVs modified microRNA expression cell. We were able to demonstrate that CD34^+^ cells indeed showed increased expression of microRNA-10a and a tendency to increased expression of microRNA-15a when they had been in contact with MSC-MVs from MDS patients compared with HD. Why HD showed a decreased expression when compared with CD34+ cells without MVs is difficult to explain since MVs are carrying many bioactive molecules that could have different effects in the recipient cell. MicroR-10a and miR-15a are both known to be overexpressed in hematopoietic cells of MDS patients\[[@pone.0146722.ref037], [@pone.0146722.ref038]\]. This microRNAs overexpression could be due, at least in part, to their transfer from MSC to HPC by MVs. In this context, our findings about HPC overexpression when they had been in contact with these structures point to this mechanism. Given that microRNAs are involved in gene expression regulation we tried to establish which genes and pathways are regulated by these two microRNAs. Cell cycle, cancer, TP53 and PI3K/AKT were among those identified. *TP53* is involved in very important cell functions in the hematopoietic system and is constantly regulated in cells\[[@pone.0146722.ref039]\]. *MDM2* is a very important regulator of *TP53* in the hematopoietic system and it has been shown that this gene is necessary to rescue erythroid progenitors from *TP53* mediated apoptosis\[[@pone.0146722.ref040]\] as well as to control ROS induced TP53 levels in the hematopoietic system\[[@pone.0146722.ref041]\]. To see whether MDM2 could be down-regulated in CD34^+^ cells that had been in contact with miR10a and miR15a from MVs, we examined whether their increased levels of gave rise to a modification of *MDM2* gene expression. *MDM2* was decreased in CD34^+^ cells when MDS-MVs content was incorporated. Concomitantly, *TP53* was increased, suggesting that, at least in some cases, the increased erythroid progenitor apoptosis seen in MDS could be mediated by MVs from the microenvironment carrying microRNAs acting on the TP53 pathway.

Over the last years, considerable information about the role of MVs in intercellular communication has been published showing that these structures are involved in both, physiological and pathological processes\[[@pone.0146722.ref042]\]. Also information about the role of microenvironment in the pathophysiology of hematopoietic neoplasms have been published by our group \[[@pone.0146722.ref005], [@pone.0146722.ref033], [@pone.0146722.ref043]\] and other teams \[[@pone.0146722.ref043]--[@pone.0146722.ref045]\].

More specifically, it has been shown in other cancer models based on similar approaches that MVs are involved in cancer cell protection and disease progression\[[@pone.0146722.ref046]\] through the provision of a favorable microenvironment. In the present work we have shown that this mechanism could be involved. MVs from MSC seem to be delivered into the microenvironment ant their content incorporated into HPC. Among the incorporated bioactive molecules there are microRNAs such as miR10a and miR15a involved in very important cell functions: cell cycle proliferation, apoptosis, etc. and we have confirmed that they could modify some hematopoietic cell properties. In fact, we found that MVs from MDS patients increased not only CD34^+^ cells viability but also their clonogenic capacity relative to the same CD34^+^ cells with MVs from HD. These results suggest that these structures could also act as a survival mechanism for MDS clonal CD34^+^ progenitor cells.

In summary, our results show that BM-MSC from MDS release MVs that incorporate into HPC, delivering bioactive molecules that could modify their genetic expression pattern and increase their viability and clonogenicity. These MVs could be involved in the maintenance of clonal hematopoiesis in MDS patients. These experiments show, once again, that the microenvironment has an important role in maintaining neoplastic diseases.

Supporting Information {#sec027}
======================

###### Flow cytometry characterization of MVs released from MSC of MDS and HD A: Dot-Plots MDS-MVs; B: Dot-Plots HD-MVs; C: Dot-Plots of double filtered PBS.

(TIF)

###### 

Click here for additional data file.

###### Representative dot plots of the sequence of MVs (MDS-MVs and HD-MVs) incorporation into CD34^+^ cells.

The consecutive images represent the CD34^+^ cells that were incubated with MVs labeled with Vybrant Dil cell-labeling solution and evaluated at 1, 3, 6, and 24 hours by FC.

(TIF)

###### 

Click here for additional data file.

###### MSC characterization.

Adipogenic (left) and osteogenic (right) differentiation of MSC from patients with myelodysplastic syndromes. B) Flow cytometry characterization of MSCs from MDS.

(TIF)

###### 

Click here for additional data file.

###### Nanosight analysis of one sample.

(TIF)

###### 

Click here for additional data file.

###### Heatmap based on Delta Ct values of 21 microRNAs increased in MSC-MVs from MDS patients.

Upper, a dendrogram of sample-to-sample Euclidean distances. At the side, a dendrogram of microRNA Euclidean distances. HD, healthy donors; MDS, myelodysplastic syndromes.

(TIF)

###### 

Click here for additional data file.

###### MicroRNA expression by RT-PCR of miR-10a and miR-15a between MDS-MVs and HD-MVs.

Results expressed as median.

(TIF)

###### 

Click here for additional data file.

###### MDM2 protein expression analysis in CD34^+^ cells (without MV), CD34^+^ cells with MV from MDS (CD34^+^+MVs-MDS) and with MV from HD (CD34^+^+MVs-HD).

\*\*p\<0.01 as assessed by t-test student.

(TIF)

###### 

Click here for additional data file.

###### 

(DOCX)

###### 

Click here for additional data file.

###### Patients included into all studies.

(DOCX)

###### 

Click here for additional data file.

###### *14 microRNAs differentially expressed*.

(DOCX)

###### 

Click here for additional data file.

###### Number of CFU-GM/5000 CD34^+^ cells.

(DOCX)

###### 

Click here for additional data file.
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